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CA rstuv wxyz{ zx{| zt{}~ γ �t}{uy �u��t}� zx}�~u}~
CL �tw~ zx{| zt{}~ ρ �{}�t~�� kg/m3

Cm �t~z�t}� �x�{}~ zx{| zt{}~ σ �u�t�� xw ��yu~tx} � √I/m

Cmq
+ Cmα̇ �t~z�t}� �u��t}� zx{| zt{}~ θ, ψ �ts{� �vu}{ ��v{y u}�v{� � �{�

CN �xy� uv �xyz{ zx{| zt{}~ ω �t}{uy wy{��{}z� zx}�~u}~
D �{w{y{}z{ �tu� {~{y � m ����zyt�~�
I �x�{}~�xw�t}{y~tu � g −mm2 i �}t~tuv
m �u�� � kg q �t~z� yu~{ �yu����
M �uz� }���{y T �x~uv
S �{w{y{}z{ uy{u � m2 cg �{}~{y�xw��yu�t~�
V �{vx zt~�� m/s xx, yy, zz �x�{}~ xw t}{y~tu us{�
x, y, z �uy~{�tu} �x�t~tx} �t� {}�tx}� α �{yt�u~t�{ �y~ u}�v{�xw�u~~uz�
α r}�v{�xw�u~~uz� � �{� ∞ �y{{�~y{u� zx}�t~tx}�
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¿ À ¿ÁÂÃÄÅÆÇÂÈÄÁ

��{ �uy� �s�vxyu~tx} �x�{y� ����� � É��tyt~Ê u}� ÉË��xy~�}t~�Ê ��zz{��w�vv� vu}�{� x} �uy� x} Ìu}�uy� Íy�u}� ÎÏ~� � ÎÐÐÏ Ñ r �uw{ Ò t��~ ~�yx��� ~�{ � uy~tu} u~�x���{y{ �u� zyt~tzuv ~x ~�u~ ��zz{�� Ñ Ë}{ �{� zx}�~yut}~x} ~�{ {}~y� ~yuÓ {z~xy� �u� ~�u~ ~�{ u{yx��{vv � { ��| zt{}~v� ��}u� tzuvv� �~u�v{ ~x vt� t~ ~�{ ~x~uv u}�v{�xw�u~~uz� ~x v{�� ~�u} 15◦ u~ �uyuz��~{ �{�vx��{}~ Ñ ��t� zx}�~yut}~ �u� ~x {}��y{ u �uw{ zu���v{ u~~t~��{ wxy~�{ �{�vx�� {}~ {�{}~� Ñ r � ~�{ ��� zu���v{ �u� }x uz~t�{ zx}~yxv u}� x}v� � t}t� uv ��yx�zx�tz �~u�tvt~��zx}�~u}~ yxvv yu~{ xw 12 �{���� � uzz�yu~{ �}x� v{��{ xw ~�{ �~u~tz u}� ��}u� tz u{yx��}u� tz� xw ~�{ �{�tzv{�u� t��xy~u}~ Ñ �}~y� �y{�tz~tx}� wxy ~�{ � uy� �u~�Ô}�{y ����� zu���v{ � ��tz� �u� u }{uyv� t�{}~tzuv x�~{y�xv� vt}{ �Ë��� ~x ��� � y{vt{� x} zx���~u~tx}uv �u~u wxy ~�{ �~u~tz �~u� tvt~� u}� � t�t}� wxyz{� x�ztvvu~tx}�u~uÕ wxy ��}u� tz �~u�tvt~� � {vx� �uz� ÖÍ ÑÐ Ñ × �tv{ ��� �u}� ��� � �u� u 70◦���{y{�zx}{ wxy{�x�� ~u�{}wyx� ~�{ � t�t}� zu��� v{ � ~�{ �uz���{vv� �{y{ }x~u�v� �tØ{y{}~ u}� ~�{ � t�t}� z{}~{y�xw��yu�t~� �z� � �u�wuy~�{y wxy�uy� Ñ �x �uvvt�~tz yu}�{ ~{�~t}� �u� �{ywxy� {� wxy ��� ��{ ~x �yxÓ {z~ ����{~ zx}�~yut}~� � �x ~�{� {�~ u�utvu� v{ �u~u �� t�t}� � �{y{ ��{� Ñ ��{ u~~t~��{ xw ~�{ ��� zu���v{ u~ �uyuz��~{ �{�vx� �u� �t��{y~�u} �y{Ò t��~ �y{�tz~tx}� t}�tzu~{� Ñ �x��uyt�x} xw ~�{ y{zx}�~y�z~{� Ò t��~ �u~u � t~� �y{Ò t��~ �y{�tz~tx}�����{�~{� ~�u~ ~�{ � t�t}� �u~u �}�{y�y{�tz~{� ~�{ ���{y�x}tz ��}u� tz t}�~u�tvt~� xw ~�{ ��� zu���v{ Ñ r ���� �u� wxvvx� t}� u ��uvvx�{y {}~y� ~�u} �u~�Ô}�{y � t~ �u� w{uy{� ~�u~ ~�{ vx}�{y {}~y� ~t� { �x�v� uvvx�{�{} �y{u~{y �yx�~� t} x�ztvvu~tx} u��vt~��{ �ytxy ~x �uyuz��~{ �{� vx�� {}~ Ñ ��t� zx}z{y} �yx��~{� ~�{��� �yxÓ {z~ ~x x�~ut} {s�{yt� {}~uv �u~u xw ~�{ ��}u� tz �~u�tvt~� xw ~�{ ��� {}~y� zu���v{ ÑÙuvvt�~tz yu}�{ ~{�~t}� �u� �{v{z~{� ~x ��u}~tw� ~�{
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��}u� tz �~u�tvt~� xw ~�{ ��� zu���v{ Ñ �} y{z{}~�{uy� � ~�{ Ô�{vt~� xw �uyu� {~{y� {s~yuz~{� wyx� �uv�vt�~tz yu}�{ �u~u �u� t��yx�{� �t�}tÔ zu}~v� wxy �v�}~�x�t{� Ñí î ï ��t� ~{z�}t��{ t� �~tvv vt� t~{� �� ~�{�}z{y~ut}~t{� t}�{y{}~ t} t�{}~tw� t}� u{yx��}u� tz�yx� {y~t{� � �t}� y{vu~t�{v� w{� �u~u �xt}~� xw u zu����v{ ~�u~ t� yu�t�v� z�u}�t}� ��{{� u}� x�ztvvu~tx}u��vt~��{ Ñ ðx�{�{y � ~�{ u��{}z{ xw �~t}� {Ø{z~� xw�w{y� u} u��u}~u�{ x�{y wxyz{� x�ztvvu~tx} ~{z�}t��{�wxy �v�}~ �x�t{� ��{y{ �u�{ Òx� � �t�}tÔzu}~v� t}�Ò�{}z{ ~�{ u{yx��}u� tz z�uyuz~{yt�~tz� Ñ �{yu�x~x{~ uvñ �u�{ ��x�} t}~yt��t}� zx���~u~tx}uv y{�� v~��{�x}�~yu~t}� ~�{ yxv{ xw ~�{ �u�{ �~y�z~�y{ t} �yt��t}� ���{y�x}tz ��}u� tz �~u�tvt~�Ñ �xyz{� x�ztvvu~tx}�u~u � ��tv{ �xy{ uzz�yu~{v� �{u��y{� � � u� �{ u���{y�{v� �t�y��~{� �� �~t}� {Ø{z~� Ñò ��t� t� {�� {�ztuvv� ~y�{ wxy �v�}~ {}~y� zu���v{� ��{y{ �u�{ {w�w{z~� �yt�{ ~�{ ��}u� tz t}�~u� tvt~ t{� Ñ
¿ ¿ À óôÇÈõÈÂö ôÁÅ ÷øÂùÄÅú

û ü ûjqhýnmmþÿoþl � jÿjnql� �nlþmþo� �û���
��x �{yt{� xw �uvvt�~tz yu}�{ ~{�~� �{y{ zx}��z~{� t} �{�y�uy���uyz� u}� �{�~{��{y xw ÎÐÐ � u~ ~�{ r{yx�uv�vt�~tz �{�{uyz� �uztvt~� �r��� u~ ��vt} r ty �xyz{ Ùu�{ Ñ r~ ~�{ ~t� { xw ~{�~t}� ~�{ r�� wuztvt~� �u� x�{yu~{�Ó xt}~v� �� ~�{ rty �xyz{ u}� ~�{ �}t�{y�t~� xw � vxyt�u Ñ ��{ wuztvt~� zx}�t�~� xw u ��} yxx� � �vu�~ z�u��{yu}� t}�~y�� {}~{� yu}�{ Ñ ��{ �x��{y z�uy�{ ��} ~�u~ �yx�{v� ~�{ �x�{v� � �x��{� t} ~�{ ��} yxx� � Ôy{� t}~x~�{ �vu�~ z�u��{y Ñ ��{ �vu�~ z�u��{y t� �t��v� u}x~�{y {}zvx�{� yxx� �{�t�}{� ~x zx}~ut} ~�{ {s�vx�t�{�yx��z~� xw Ôyt}� ~�{ ��} u}� �y{�{}~ �}�u}~{� vt��~ u}� �{�yt� wyx� y{uz� t}� ~�{ t} �~y�� {}~{� yu}�{ Ñ ��{�x�{v {}~{y� ~�{ ~{�~ yu}�{ ~�yx��� u �� uvv x� {}t}� u~ ~�{ wuy {}� xw ~�{ �vu�~ z�u��{y Ñ ��{ t}�~y�� {}~{�yu}�{ ��t��y{ �� t� ÎÐ�� vx}� � t~� u Í Ñ		 s Í Ñ		� ���uy{ zyx�� �{z~tx} wxy ~�{ Ôy�~ 	
� u}� x�{}� �� ~x Ï Ñ�� sÏ Ñ��� wxy ~�{ y{� ut}�{y Ñ � tw~� xy~�x�x}uv ��uy� ��u�x��yu�� �~u~tx}� �ÉðuvvÊ zu� {yu� �xt}~{� �xyt�x}~uvv�uzyx�� ~�{ �uvv u}� É� t~Ê zu�{yu� �xt}~{� �{y~tzuvv� wyx� u ~y{}z� t} ~�{ Òxxy� uy{ vx zu~{� uvx}� ~�{ v{}�~� xw
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~�{ yu}�{ Ñ ��{ ��uzt}� xw ~�{ �~u~tx}� t� �x�{��u~ tyy{��vuy ~x {}��y{ ~�{ x�ztvvu~tx} wy{��{}zt{� �{~{y� t}{�wyx� ~�{ t� u�{� uy{ �}t��{ Ñ ��{ Ô{v���xw�� t{� xw ~�{�{ ��u�x��yu�� �~u~tx}� uy{ Î Ñ�Í� �tu� {~{y ztyzv{� Ñr vv ~{�~t}� t� t} uty u}� u~ u~�x���{ytz zx}�t~tx}� Ñ
��{ xy~�x�x}uv ��u�x��yu��� y{zxy� ~�{ �x�t~tx} u}� xyt{}~u~tx} xw ~�{ �x�{v u~ �y{zt�{ ~t� {� ��yt}� t~�Ò t��~ Ñ r z�yx}x�yu�� t� ��}z�yx}t�{� � t~� ~�{ ��uy� �x�yz{ �t�z�uy�{ �vt��~ �x�yz{ wxy ~�{ ��u�x��yu���� ~x� uy� ~�{ ~t� { {uz� t� u�{ t� zu�~�y{� Ñ ��{ t}�~u}~u}{x�� xyt{}~u~tx} u}� �x�t~tx} xw ~�{ �x�{v t� �{~{y� t}{�u~ {uz� �~u~tx} wyx� ~�{�{ t� u�{� Ñ ��{ u{yx��}u� tz �yx� {y~t{� xw ~�{ �x�{v uy{ ~�{} {s~yuz~{� �� �uyu� {~{yt�{}~tÔzu~tx} ~{z�}t��{� Ñ
�}t~tuv �{vx zt~� �u� zx}~yxvv{� ~x �x� { {s~{}~ �� �uy�t}� ~�{ u�x�}~ xw z�uy�{ ��{� t} ~�{ vu�}z� ��} Ñ ��{u�x�}~ y{��ty{� t� �{~{y� t}{� wyx� �t�~xytzuv ~u�v{� � �{�~ wxy ~�{ ��} u~ ~�{ r�� � �u�{� x} ~�{ �x�{v� u�� Ñ �} t~tuv u}�v{�xw�u~~uz� �u� zx}~yxvv{� ~x �x� { {s~{}~ �� �vuzt}� ��x~x�yu��tz �u�{y �uy~tuvv� t} ~�{�u~� xw ~�{ �x�{v u� t~ {}~{y{� ~�{ ~{�~ yu}�{ Ñ r � �uy~ xw ~�{ wxy{�x�� �~yt�{� ~�{ ��x~x�yu��tz �u�{y � t~ t��t�{} u �� uvv �t�~�y�u}z{ ��tz� �~uy~� ~�{ �x�{v x�ztvvu~t}� Ñ Ù� ��t}� �xy{ �t{z{� xw �u�{y �~uz�{� ~x�{~�{y �~�{ t}t~tuv x�ztvvu~tx} u��vt~��{ zu} �{ t}zy{u�{� Ñ r �ust��� xw Í �t{z{� xw �u�{y �{y{ ��{� ��tz� zx�v��yx��z{ x�ztvvu~tx}� xw u�x�~ 25◦ Ñ ��{ x�{yu~tx} xw ~�{ r�� �u� � {{} �{vv �x z�� {}~{� t} {uyvt{y �xy� Ñ�
� ü � h�jm �jhijoq�
�t��y{ Î ��x� � ~�{ Ë�� �t� {}�tx}� xw ~�{ ~{�~ �x�{v� u}� ~�{ zx��x}{}~� ��tz� �{y{ u��{��v{� ~x zy{u~{~�{ ~�y{{ z� vx zu~tx}� Ñ � uz� �u� u} x�{yuvv �tu� {~{y xw �Ð�� u}� v{}�~� xw Í
 Ñ	Î�� � ��tz� t� Î Ñ	Ï� xw ~�{��� Òt��~ �{�tzv{ �t� {}�tx}� Ñ �x��t} t}� � u~{ytuv� xw �tØ{y{}~ �{}�t~t{� t} �tØ{y{}~ �yx�xy~tx}� uvvx�{�zx}~yxv xw ~�{ us tuv �x�t~tx} xw ~�{ z� Ñ ��}��~{} �u� ��{� ~x �uvvu�~ ~�{ �x�{v� u}� �~{{v xy uv�� t}�� �u���{� ~x �u�{ ~�{ �x�� xw ~�{ �x�{v� Ñ � tØ{y{}~ �t�{ ~�}��~{} t}�{y~� �{y{ �y{���Ô~ t}~x ~�{ �x�t{� wxy {uz�z� �x�t~tx} Ñ �u�v{ � vt�~� ~�{ �t� {}�tx}� xw ~�{ zx��x}{}~� wxy {uz� zx��t}u~tx} xw � v�� �t�{ u}� wxy{�x��� u~{ytuv � �{� ~x � u�{ �� ~�{ ~�y{{ z� vx zu~tx}� Ñ �x�{v� �ÐÐ � ÎÐÐ u}� ÍÐÐ �{y{ ��{� ��yt}� u} t}t~tuv �{yt{�xw ��x~� Ñ �x�{v� �ÐÐu u}� ÍÐÐu � uvx}� � t~� �xy{ xw � x�{v ÎÐÐ �{y{ ��{� wxy u ����v{�{}~uv �{yt{� xw ��x~� Ñ��{ }{� �x�{v� �{y{ �{�t�}{� ~x t}zy{u�{ ~�{ �x�{}~� xw t}{y~tu u�x�~ ~�{ ~yu}��{y�{ us{� u� ��z� u��yuz~tzuv Ñ ��t� z�u}�{ �u� �u�{ t} u} u~~{��~ ~x y{��z{ ~�{ x�ztvvu~tx} wy{��{}z� xw ~�{ �x�{v� u� ~�{��yx z{{�{� �x�} ~�{ yu}�{ ~x �yx�t�{ �xy{ �u~u �xt}~� � {y z�zv{ � t��yx�t}� �u~u y{��z~tx} uzz�yuz�Ñ �u�v{Î ��x� � ~�{ �{�t�} � u�� �yx�{y~t{� xw ~�{ �x�{v� Ñ ��{ � u�� �yx� {y~t{� xw � x�{v� �{y{ � {u��y{� �ytxy ~x~{�~t}� u}� {uz� �u� wx�}� ~x �{ �{y� zvx�{ ~x ~�{�{ �{�t�} }���{y� �� t~�t} Ð Ñ� � � Ñ
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 ü !jÿo � noqþ"
��{ ~{�~ � u~yts �u� �{�t�}{� ~x x�~ut} �u~u � t~� ~�{ �x�{v� Ò�t}� uzyx�� u yu}�{ xw x�ztvvu~tx} u��vt~��{�u}� ��{{�� wyx� �uz� Ï �x�} ~x �uz� � Ñ# Ñ ��� Òt��~ �u~u ����{�~{� ~�u~ ��� �x�v� �{zx� { ��}u� tzuvv�
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äç� êß àá %çÞç�ßæÞÛ� ���ßê & Û� ßèåÛ�èå �Ûè � ÛêêÛ� ßæßÞå� çè� � çæßÞÛç êå �åßß Ú ÛÜÝÞß ��
�u~{ytuv∗�x�{v xcg/D �x}Ô� Ñ u � z � { w � � Ùuz���yx}~

100 0.27 r�� 25.37 11.62 }�u }�u }�u 19.37 2.00 }�u × ��~{{v
100a 0.27 ��� 60.00 27.62 35.00 5.00 5.00 54.03 1.00 3.00 × ��~{{v
200 0.30 r�Ù 50.80 23.62 }�u }�u }�u 36.00 }�u } �u × ��~{{v
300 0.33 r�Ù 50.80 23.62 }�u }�u }�u 43.00 }�u 3.00 × �rv
300a 0.33 ��Ù 60.00 25.62 40.00 5.00 17.00 55.00 }�u 3.00 × �rv

∗× ' ��}��~{} � r v ' rv�� t}��

äç� êß � á ���ßê � çåå % Þ��ßÞæ Ûßå
�x�{v xcg/D �u�� Izz Ixx, Iyy

g (g −mm2) · 10−5 (g −mm2) · 10−5

100 0.27 584 2.21 1.55

200 0.30 767 2.85 1.86

300 0.33 617 1.89 1.22

100a 0.27 684 3.31 2.10

300a 0.33 572 2.32 1.45

�u�x~ � 248 1.96 1.98

�}�~u�v{ � {~�{{} � uz� Í ÑÐ u}� Í Ñ# Ñ ��{ ���{y �x�}� xw ~�t� � uz� yu}�{ �u� z�x�{} ~x �yx�t�{ �u~u �ytxy ~x~�{ x}�{~ xw ~�{ ��}u� tz t}�~u� tvt~�Ñ ��{ vx�{y �x�}� �u� z�x�{} ~x �yx�t�{ �u~u u~ xy �{vx� ~�{ {s�{z~{��uyuz��~{ �{�vx�� {}~ zx}�t~tx}� Ñ �y{�tx�� ~{�~� x} x~�{y �{x�{~yt{� ����{�~{� ~�u~ ~�{ �t~z� �u��t}�wxy �v�}~ �x�t{� t� �{y� }x}vt}{uy � t~� u}�v{�xw�u~~uz� Ñ ��{y{wxy{ � �u~u �{y{ }{{�{� wxy u � t�{ yu}�{ xwx�ztvvu~tx} u��vt~��{� Ñ ��{ ~uy�{~ � uz� u}� u}�v{�xw�u~~uz� yu}�{� �{y{ �yx�{} t}~x ��uvv{y y{�tx}� ��tz��{v� {� ��t�{ ~�{ ��x~ �{v{z~tx} Ñ �u~u �{y{ �x���~ u~ vx� �Ð�#� � � {�t�� �#��#� u}� vuy�{ ��#( � ~x~uv u}�v{��xw�u~~uz� ~x � {~~{y �{Ô}{ ~�{ �t~z� �u��t}� }x}vt}{uyt~�Ñ �~ �u� u~~{��~{� ~x zu�~�y{ x�ztvvu~tx}� u~ {uz�xw ~�{�{ u��vt~��{ yu}�{� wxy vx� �v{�� ~�u} �Ö � Ñ	� � � {�t�� ��Ö � Ñ	�Î Ñ#� u}� �t�� ��ÖÎ Ñ#( � ��{{�� Ñ r �vx����{{��vx��u}�v{ �u~u �{y{ }x~ }x~ w� vv� zu�~�y{� t} ~�{ Ôy�~ ~{�~ �{yt{� � ~�{ �{zx}� �{yt{� xw �vx�{y ��}�{y~�y� {� ��x~� �{y{ zx}��z~{� �{�{yuv � x}~�� uw~{y ~�{ Ôy�~ �{yt{� Ñ �u�v{ Í ��x� � ~�{ ~{�~ zx}�t~tx}�wxy {uz� xw ~�{ Î# ��x~� Ñ ��x~� ÎÍ�Í
 y{�y{�{}~ ~�{ �{�y�uy���uyz� ÎÐÐ � ��x~� � ��tv{ ��x~� #��	# �{y{zx}��z~{� t} �{�~{��{y � ÎÐÐ � Ñ
) ü ) non � j�ploþhk
��{ ��u�x��yu�� }{�u~t�{� �{y{ �zu}}{� t}~x �t�t~uv wxy� u~ u}� ~�{ xyt{}~u~tx} u}� �x�t~tx} xw ~�{ �x�{v�u� �{~{y� t}{� wyx� ~�{ ~�x xy~�x�x}uv �t{� � u~ {uz� �~u~tx} Ñ r �{~ xw zu~{}uy� � ty{� t� uyyu}�{� t} ~�{~�}}{v ~x wxy� ~�{ y{w{y{}z{ �xt}~� t} {uz� ��u�x��yu�� Ñ �� uvv �{u�� x} ~�{ � ty{� � uy� �}x�} �xt}~� t}~�{ t� u�{� ��tz� uvvx� uzz�yu~{ � {u��y{� {}~ xw ~�{ �x�{v �x�t~tx} Ñ �xy ~�{�{ �v�}~ �x�{v� � �{~{y� t}t}�~�{ �x�{v xyt{}~u~tx} t� � xy{ �t| z�v~ ~�u} wxy �v{}�{y �x�t{� � t~� vx}� ��t} us{� Ñ ��{ �x��y{�{}�t�{r�~x� u~{� �u~u �{��z~tx} u}� r}uv��t� ���~{� ��r��r� �� *u~{�+ �u� ��{� wxy ~�{ Ô v� y{u�t}� u}�~yuÓ {z~xy� zuvz�vu~tx}� � u}� �{~{y� t}t}� ~�{ Ôs{� �vu}{ ��v{y u}�v{� �u�{� x} ~�{ �uz���{vv zx}{ u}�v{ Ñ� {u��yt}� ~�{ wxy{�x�� u}�v{ t� ��z� �xy{ �t| z�v~ ��{ ~x ~�{ �xy{ �{�{y{ �t�~xy~tx} xw ~�{ ��u�x��yu��t�u�{ ��{ ~x ~�{ �x� ��xz� t} wyx}~ xw ~�{ �x�{v Ñ � {u��y{� {}~� xw ~�{ xyt{}~u~tx} u}�v{� �θ, ψ� xw ~�{�x�{v uy{ � {u��y{� uzz�yu~{ ~x ±0.5◦ wxy ~�{ ��� �x�{v Ñ
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äç� êß , á äßåæ -�è� Ûæ Û�èå

�x�{v ��x~ �x Ñ xw �y{���y{ �{��{yu~�y{ �{vu~t�{ �{}�t~� ��{{� xw �}t~tuv � t}uv
�x Ñ �x Ñ �~u~tx}�� .mbar/ .C◦/ ð�� t�t~� .kg/m3/ �x�}� �uz� �uz�� t�~ Ñ .m] .%/ .m/s]
ÍÐ� ÎÍ #Ð�ÎÐ � �ÐÎ� ÑÏ ÎÎ ÑÐ �Ï � ÑÎ�ÎÏ ÍÏÏ ÑÏÍ Í Ñ�Ð � ÑÎ	
ÍÐÐ ÎÏ #Ð�ÎÐ � �ÐÎ	 Ñ� Î# ÑÏ 	Ï � Ñ�
�� ÍÏ	 ÑÏ � Í Ñ�Ð � ÑÎ�
ÍÐ � Î# #Ð�ÎÐ � �ÐÎÍ Ñ� ÎÎ ÑÏ 	 � � ÑÎÐ	Ï ÍÏÏ Ñ		 Í Ñ
Ð � Ñ#�
ÎÐÎ Î	 #Ð�ÎÐ � �ÐÎÍ ÑÐ Î � Ñ� #
 � ÑÎÐ�# ÍÏÏ ÑÎ	 Í Ñ
Ð � Ñ	#
�Ð � Î� #Ð�ÎÐ � �Ð �	 Ñ	 ÎÎ ÑÐ #� � Ñ�

� ÍÏÏ ÑÏÍ Í Ñ�Ð � ÑÎÍ
ÎÐÍ Î
 #Ð�ÎÐ � 


 ÑÐ ÎÎ Ñ
 	Î � Ñ��#Ï ÍÏÏ Ñ
	 Í Ñ
Ð � Ñ	�
�Ð# ÍÐ #Ð�ÎÐ � �ÐÐ
 Ñ� ÎÍ ÑÐ 	# � Ñ���� ÍÏ# ÑÐ � Í Ñ�	 � Ñ	Ï
�ÐÍ Í � #Ð�ÎÐ � �ÐÐ
 Ñ# ÎÎ Ñ� 	� � Ñ��� � ÍÏÏ Ñ
Ð Í Ñ
	 � ÑÎ�
ÍÐÍ ÍÎ #Ð�ÎÐ � �ÐÎ� Ñ� Î � ÑÐ #� � ÑÎÐ
� ÍÏÍ Ñ�# Í Ñ�Ð � ÑÏ	
ÎÐÏ ÍÍ #Ð�ÎÐ � �ÐÎÏ Ñ� ÎÐ Ñ� Ï	 � ÑÎ�	Ï ÍÏÍ ÑÍÎ Í Ñ	# � Ñ	Í
�ÐÏ ÍÏ #Ð�ÎÐ � �ÐÎÍ ÑÏ ÎÐ ÑÏ Ï	 � ÑÎ�ÏÍ ÍÏÍ Ñ#Ð Í ÑÐÍ � ÑÐ �
ÍÐÎ Í# #Ð�ÎÐ � �ÐÎÐ ÑÐ ÎÐ Ñ
 Ï# � ÑÎÐ�Î ÍÏÍ Ñ�
 Í Ñ�Ð � Ñ�#
ÎÐ# Í	 #Ð�ÎÐ � �ÐÎÍ ÑÏ ÎÎ Ñ	 ÏÎ � ÑÎÐ#Í ÍÏÏ Ñ�� Í ÑÐ# � ÑÍ �
ÎÐ	 Í� #Ð�ÎÐ � �ÐÎÍ Ñ� Î � Ñ# ÏÎ � ÑÎ�Ð � ÍÏÏ Ñ�Ï Í ÑÐ# � ÑÍ#
�ÐÎ Í� #Ð�ÎÐ � �ÐÎÎ ÑÐ Î � Ñ
 Ï � � ÑÎÐ	# ÍÏÏ ÑÍ� Í Ñ�Ð � ÑÍÍ
ÍÐÏ Í
 #Ð�ÎÐ � �ÐÎÍ ÑÐ Î � Ñ
 ÏÎ � ÑÎÐ�� ÍÏÏ ÑÍ� Î Ñ
Ð � ÑÎÐ
ÍÐ�u #� Í ����Ð �Ð �� Ñ
# Î � Ñ
# #� � ÑÎÐ �# ÍÏÏ ÑÏÐ Î ÑÐÐ � ÑÐÐ
�Ð�u #� Í#��Í � �Ð �� Ñ
# ÎÎ Ñ## #� � Ñ�

 � ÍÏÏ Ñ�# Î ÑÐÐ � ÑÐÐ
ÎÐ
 #
 ÍÍ��ÎÐ �Ð �� Ñ#� ÎÎ Ñ�# 	Ð � Ñ�
Ð� ÍÏÏ Ñ�� Î ÑÐÐ � ÑÐÐ
ÍÐ#u 	Ð Í
��Ï� �Ð �� Ñ	 � ÎÎ Ñ�# #	 � Ñ�
�
 ÍÏÏ Ñ�� Î ÑÍÐ � ÑÐÐ
�Ð	u 	 � Ï	���Í �Ð �� Ñ	Í ÎÎ Ñ�# ## � ÑÎÐ �# ÍÏÏ Ñ#Î Î ÑÎÐ � ÑÐÐ
ÎÐ� 	Î #Ð�ÎÐ � �Ð �� Ñ	Í ÎÎ Ñ	# #	 � Ñ�

# ÍÏÏ Ñ� � Î ÑÎ# � ÑÐÐ
ÍÐ	u 	Í ÏÍ��	# �Ð �# Ñ
Î Î � ÑÏ# #	 � ÑÎÐ �� ÍÏÏ Ñ�� Î Ñ#	 � ÑÐÐ
�Ð�u 	Ï Ï
��
� �Ð �� Ñ	 � ÎÎ Ñ	# #	 � Ñ�
�Í ÍÏÏ Ñ� � Î Ñ#	 � ÑÐÐ
ÎÐ� 	# Ï��Ï� �Ð �� Ñ	 � ÎÐ Ñ	# ## � ÑÎÐ	Ï ÍÏÍ Ñ	Ï Î Ñ#	 � ÑÐÐ

�t��y{ Í ��x� � u �u��v{ xw Ï �{~� xw xy~�x�x}uv ��u�x��yu��� � ~u�{} wyx� ��x~ 	Ï � ��{� ~x �{~{y� t}{ ~�{xyt{}~u~tx} u}� �x�t~tx} xw ~�{ �x�{v Ñ ��{ �t�~xy~tx} xw ~�{ wxy{�x�� ��u�x� t� {�t�{}~ t} ~�{�{ t� u�{� Ñ�yx� ~�{�{ �tz~�y{� � ~�{ ~�x Ôs{� �vu}{ ��v{y u}�v{� � θ u}� ψ uy{ �{~{y� t}{� uvx}� � t~� ~�{ty s ��x�}yu}�{� �� ��xyt�x}~uv� u}� � ��{y~tzuv� �x�t~tx}� u~ ~�{ ~t� { ~�{ t� u�{� �{y{ ~u�{} Ñ
�s~yuz~tx} xw ~�{ u{yx��}u� tz zx{| zt{}~� u}� �{yt�u~t�{� t� ~�{ �yt� uy� �xuv t} u}uv�� t}� ~�{ ~yuÓ {z~xyt{�� {u��y{� t} ~�{ r�� Ñ ��{ r�� �u~u r}uv��t� ���~{� �r���r�� �u� ��{� ~x {s~yuz~ ~� t� �u~u Ñ r}x�{y�t{� xw ~�t� �u~u u}uv��t� t� �{�zyt� {� �� �t�z�{y u}� ðu~�u�u� Ñ0 r���r� t}zxy�xyu~{� u �~u}�uy�vt}{uy ~�{xy� u}uv��t�1 î Õ2 u}� u 	��{�y{{�xw��y{{�x� �	��x�� }��{ytzuv t}~{�yu~tx} ~{z�}t��{ Ñ ��{ 	��x�yx�~t}{ t}zxy�xyu~{� ~�{ � ust��� �t�{vt�xx� �{~�x� ���� � ~x � u~z� ~�{ ~�{xy{~tzuv ~yuÓ {z~xy� ~x ~�{{s�{yt� {}~uvv� � {u��y{� ~yuÓ {z~xy�Ñ ��{ ��� t� u} t~{yu~t�{ �yx z{��y{ ~�u~ u�Ó ��~� ~�{ u{yx��}u� tzzx{| zt{}~� ~x � ust� t�{ u vt�{vt�xx� w�}z~tx} ÑÕÕ ��{ ��{ xw ~�t� vt�{vt�xx� w�}z~tx} {vt� t}u~{� ~�{ t}�{y{}~u�����~tx} t} v{u�~ ���uy{� ~�{xy� ~�u~ ~�{ � u�}t~��{ xw ~�{ � {u��y{�{}~ }xt�{ ���~ � { zx}�t�~{}~ � {~�{{}
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��}u� tz �uyu�{~{y� �tyy{�� {z~t�{ xw �}t~�� Ñ �} �{}{yuv � ~�{ u{yx��}u� tz� zu} �{ }x}vt}{uy w�}z~tx}� xw~�{ u}�v{�xw�u~~uz� � � uz� }���{y � u}� u{yx��}u� tz yxvv u}�v{ Ñ r���r� t� zu�u�v{ xw u}uv�� t}� �x~�����{~ytz u}� u����{~ytz �x�t{� Ñ ��{ {��{}~tuv �~{� � xw ~�{ �u~u y{��z~tx} ���~{� uy{ ~x ' �u� u��{��v{~�{ ��}u� tz yu}�{ �u~u �~t� { � �x�t~tx} � u~~t~��{� � ����tzuv �yx� {y~t{� � u}� u~�x���{ytz zx}�t~tx}� � �� �� {ywxy� vt}{uy ~�{xy� u}uv��t� � u}� �z� � {ywxy� 	��x� u}uv��t� wxy Ô}uv u{yx��}u� tz� Ñ � uz� �x�{v Ôy{� t}~�{ r�� �u� t} t~tuvv� u}uv��{� �{�uyu~{v�� ~�{} zx��t}{� t} u��yx�ytu~{ �yx��� � t}zv��t}� �{�� {}~� wyx��tØ{y{}~ ��x~� � wxy �t��v~u}{x�� u}uv��t� ��t}� u ��v~t�v{ Ô~ zu�u�tvt~�Ñ ��t� �yx�t�{� u zx��x} �{~ xwu{yx��}u� tz� ~�u~ �u~z� {uz� xw ~�{ �{�uyu~{v� �{u��y{� �x�t~tx}�u~~t~��{�~t� { �yxÔ v{� Ñ ��{ ��v~t�v{ Ô~u��yxuz� �yx�t�{� u �xy{ zx��v{~{ �� {z~y�� xw u}��vuy u}� ~yu}�vu~tx}uv � x~tx} ~�u} �x�v� �{ u�utvu�v{wyx� u}� x}{ ~yuÓ {z~xy� zx}�t�{y{� �{�uyu~{v�Ñ ��t� t}zy{u�{� ~�{ �yx�u�tvt~� ~�u~ ~�{ �{~{y� t}{� zx{| zt{}~��{Ô}{ ~�{ �x�{v 8� u{yx��}u� tz� x�{y ~�{ {}~ty{ yu}�{ xw ~{�~ zx}�t~tx}� Ñ
� t��y{ Ï ��x� � u ~��tzuv r���r� v{u�~ ���uy{� Ô~ ~x u}�v{ u}� �x�t~tx} �u~u x�~ut}{� wyx� t�u�{� �zu}}{�wyx� �uvvt�~tz yu}�{ ��x~ 	Ï Ñ ��{ u�y{{� {}~ � {~�{{} r���r� 	��x� �t��vu~tx} ��t}� ~�{ t�{}~tÔ{� u{yx���}u� tz� u}� ~�{ �uvvt�~tz yu}�{ �u~u t� {sz{vv{}~ Ñ �x �{~~{y �}�{y�~u}� ~�{ x�ztvvu~tx}� ��x�} t} �t��y{�Ïu u}� � � zx}�t�{y ���u~tx} �'

α̈−
ρV S

2m

(

−CLα
+ (Cmq

+ Cmα̇
)
D2

2σ2

)

α̇−
ρV 2D

2I
Cmα

α = 0 ���
��t� {s�y{��tx} t� u �vu}uy vt}{uyt�u~tx} xw ~�{ 	��x� u}��vuy uzz{v{yu~tx} {��u~tx}� u}� u���� {� ��uvvu}�v{� u}� vt}{uy wxyz{� u}� �x�{}~� ÑÕ2 î Õí ��t� {��u~tx} ��uvv � { y{w{yy{� ~x vu~{y ~x ��uvt~u~t�{v� tvv��~yu~{~�{ �x� t}u}~ ~{y� � �yt�t}� ~�{ x��{y�{� ��{}x�{}u Ñ �xy zx}�~u}~ zx{| zt{}~� � ~�{ �xv�~tx} wxy ���u~tx} �t� xw ~�{ wxy� xw u �uy�x}tz x�ztvvu~xy � t~� �u��t}� '

α(t) = αoe
γtcos(ωt) �Î�

× �{y{
γ =

ρV S

2m

(

−CLα
+ (Cmq

+ Cmα̇
)
D2

2σ2

)

�Í�
u}�
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ω =

√

−
ρV 2SD

2I
Cmα

− γ2 �Ï �
�} ���u~tx} Î � γ t� u �u��t}� ~{y� � �x� t}u~{� �� Cmq

+ Cmα̇ Ñ r �x�t~t�{ �uv�{ ��x�t~t�{ Cmq
+ Cmα̇ �zu��{� u �yx�~� t} u��vt~��{ � ��tv{ u }{�u~t�{ �uv�{ �u��� x�~ u}� x�ztvvu~tx}� Ñ �} ���u~tx} Î � ω t� uwy{��{}z� ~{y� � �x� t}u~{� �� ~�{ ���uy{ yxx~ xw ~�{ �~u~tz �~u�tvt~�� Cmα Ñ �x � ~x u Ôy�~ xy�{y xw � u�}t~��{ �~�{ �u~u t} �t��y{� Ïu u}� � ��x� u �~u~tzuvv� �~u�v{ zu���v{ � t~� u} t}~{�yu~{� �t~z� �u��t}� ~�u~ t��x�t~t�{ xy ��}u� tzuvv� �}�~u�v{ Ñ ��u�� u} u}� *u~{� �yx�t�{ ��z� �xy{ �{~utv y{�uy�t}� ~�{�{ {��u~tx}� ���~ ���u~tx}� ��Ï ��uvv � { ��{� ~x �{v� t}~{y�y{~ ~�{ �x~tx} �vx~� t} �{z~tx} ��� Ñ

-20

-15

-10

-5

0

5

10

15

20

25

Time (s)

E
u
le

r 
A

n
g
le

, 
θ

 (
°)

 

Data Points
ARFDAS 6-DoF Fit

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

:¤; ¦¾¬�  �§¨¬� ª ²�¤

E
u
le

r 
A

n
g
le

, 
ψ

 (
°)

 

-20

-15

-10

-5

0

5

10

15

20

25

Time (s)

Data Points
ARFDAS 6-DoF Fit

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

:´ ; ¦¾¬�  �§¨¬� ª £¢©

D
o
w

n
ra

n
g
e
, 
x
 (

m
) 

Time (s)

Data Points
ARFDAS 6-DoF Fit

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0

25

50

75

100

125

150

175

200

225

:¥; <¡»§ ¤§¨�

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

S
w

e
rv

e
  
y,

z
 (

m
) 

Time (s)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Vertical Swerve Points

Horizontal Swerve Points

ARFDAS 6-DoF Fit

:¸ ; ¶� ©¥¤¬ ª =¡ ©>¡§¤¬ ®»� ?�
Ú ÛÜÝÞß 6 á -���çÞÛå�è �� âãÚ&â� �çæç Þß�Ý�æ Û�è ë Ûæ4 �4�æ 56 �çæç �� Ûèæå @ å�çèèß� �Þ�� å4ç��ëÜÞç�4å á

r}x~�{y t}�{� {}�{}~ �u~u y{��z~tx} {Øxy~ �u� � {ywxy� {� zx}z�yy{}~v� � t~� ~�{ u}uv��t� �y{�{}~{� ~x u��zx}Ô�{}z{ t} ~�{ Ô}uv y{�� v~� ÑÕï �t��vu~tx}� ��t}� {uz� �{~ xw �t~z� �u��t}� y{�� v~� ��x�{� �{y� �t� tvuy�y{�tz~tx}� xw ~�{ zu��� v{ ��}u� tz� Ñ ��{ }x}vt}{uy z�uyuz~{y xw ~�{ �t~z� �u��t}� � t~� u}�v{�xw�u~~uz�u}� �uytu~tx} � t~� �uz� }���{y u� �{~{y� t}{� �� �x~� �uyu� {~{y t�{}~tÔzu~tx} {Øxy~� �{y{ t} �{y� �xx�u�y{{� {}~ Ñ
¿ ¿¿ À A øúÆõÂú

r �u~yts xw � uz��u}�v{�xw�u~~uz� �t}� t� ��x�} t} �t��y{ # ~x tvv��~yu~{ �x� ~�{ �{�ty{� ~{�~ ��uz{ �u��x��vu~{� Ñ �uz� �x�{v t} ~�{ Ô��y{ y{�y{�{}~� u �{�� {}~ xw � �{w�v �u~u x�~ut}{� t} ~�{ zxyy{��x}�t}� �� {{�
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u}� u~~t~��{ yu}�{ Ñ �uz� �x�{v �x{� }x~ y{�y{�{}~ u zx��v{~{ ��x~ Ñ ��t� �u~u �{~ y{�y{�{}~� ~�{ �x�~{s~{}�t�{ �{~ xw �uvvt�~tz yu}�{ �u~u wxy u 70◦���{y{�zx}{ � ��{� wxy ��}u� tz �~u�tvt~� �uyu� {~{y t�{}~tÔzu~tx} Ñ
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ÚÛÜÝÞß C á %��Ýêçæ Û�è �� �ßåÛÞß� � ç�4D
α
��è� Ûæ Û�èå á

û ü Eonoþl ûjqh��kni þlÿ
��{ �~u~tz u{yx��}u� tz� � ��tv{ }x~ u �yt� uy� x�Ó {z~t�{ xw ~�{ ~{�~ � uy{ t��xy~u}~ t} {s~yuz~t}� ��}u� tzu{yx��}u� tz� Ñ �xy u vxx� u~ ~�{ �t�}tÔzu}~ ~{y� � zx}~yt��~t}� ~x ~�{ � t~z� �u��t}� xw ~�{ zu���v{ � ~�{ vtw~zx{| zt{}~ zu} �{ y{�{s�y{��{� t} ~{y� � xw zx{| zt{}~� t} ~�{ �x�� us{� '

CL = −CAsinαT + CNcosαT �#�
�xy �v�}~ �x�t{� � CN t� ��z� �� uvv{y ~�u} CA u~ �� uvv u}�v{� Ñ ��{ vtw~ z�y�{ �vx� { t� �x� t}u~{� �� ~�{us tuv wxyz{ zx{| zt{}~ wxy ~�{ yu}�{ xw u}�v{� ~{�~{� �{y{ '

CLα
= −CAcosαT − CNsinαT ≈ −CA �	 �

�{zuvvt}� ���u~tx} � � ~�{ us tuv wxyz{ u}� �~u~tz �~u�tvt~� zx{| zt{}~� uy{ ~�{ zyt~tzuv �uyu�{~{y� ~x zu�~�y{�yx� {yv� ~x {s~yuz~ ~�{ � t~z� �u��t}� zx{| zt{}~ Ñ r�ut} � ~�t� t� u ��uvt~u~t�{ �{�zyt�~tx} xw ~�{ �x� t}u}~~{y� � Ñ ��{ r���r� u}uv��t� Ô~� {��u~tx}� ~�yx��� ~�{ w�vv 	��x� {��u~tx}� xw � x~tx} Ñ
� t��y{ 	 ��x� � ~�{ us tuv wxyz{ zx{| zt{}~ y{�� v~� wyx� vt}{uy �{z~tx}uv Ô~� � u}� ~�{ ��v~t�Ô~ y{��v~� wyx� 	��x�~yuÓ {z~xy� �t��vu~tx}� �CA = ForceAxial/

1

2
ρ∞V

2

∞
S � Ñ r � ~�{ x�ztvvu~tx}� xw uvv ��x~� �y{� t} u��vt~��{ u�~�{� �{z{v{yu~{� � ~�{y{ uy{ w{� �xt}~� u~ vx� u}�v{��xw�u~~uz� u}� vx� �uz� }���{y Ñ ��{ ��v~t�Ô~ z�y�{�t} �t��y{ 	� uy{ ~�{y{wxy{ {s~yu�xvu~tx}� wyx� �t��{y u}�v{ �u~u Ñ �xx�t}� u~ ~�{ � uz� Ö � Ñ# z�y�{ u�u} {su��v{ � ~�{y{ uy{ }x �u~u wxy ��{{�� v{�� ~�u} �uz� Ö � Ñ# �{vx� αT = 6◦ Ñ �x �u~u �xt}~� u~ u}���{{� t}�tzu~{ u CA }{uy � Ñ	 Ñ ��{y{wxy{ � ~�{ vx��u}�v{ � vx��� uz� �{�� {}~� xw ~�{ 	��x� Ô~� �u�{ �y{u~{y�}z{y~ut}~� ~�u} ~�{ y{�tx}� Ô~ ~�yx��� �u~u �xt}~� Ñ ��{ w�}z~tx}uv wxy� xw ~�{ CA z�y�{� �{y{ }x~ � {y� t~~{�~x �uy� t} ~�{ �u~u y{��z~tx} u}� ~�{ �{z~tx}uv y{��v~� �t}~ ~�u~ CA �uyt{� � t~� αT �tØ{y{}~v� u~ �tØ{y{}~� uz� }���{y� �v{�� �uytu~tx} � t~� αT u~ �t�� �� {{�� � � xy{ u~ vx�{y �� {{��� Ñ ���yx�t}� ~�{ w�}z~tx}uv wxy�xw ~�{ us tuv wxyz{ zx{| zt{}~ � �u� }x~ u �ytxyt~� u� ~�{�{ y{��v~� uy{ �uvt� x�{y ~�{ � uz� u}� u~~t~��{ yu}�{�y{��ty{� ~x y{�xv�{ ~�{ ��}u� tz �u~u Ñ �x}�t�{yt}� ~�{ �}x�} vt� t~u~tx}� xw ~�{ �uvvt�~tz yu}�{ �u~u y{��z~tx}� {~�x�� � ~�{�{ y{��v~� uy{ t} {sz{vv{}~ u�y{{� {}~ � t~� ~�{ ��� �~u~tz u{yx��}u� tz� �u~u�u�{ �Õï u}� � t�t}��u~u ÑÕñ

F ¡¹ ¼½
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��{ �t~z� t}� �x�{}~ y{�� v~� uy{ �vx~~{� t} �t��y{ � �Cm = Momentpitch/
1

2
ρ∞V

2
∞
SD �Cmα

= ∂
∂α
Cm(rad−1)� Ñr z� �{}�t~t� t~� t� �{{} t} ~�{ vt}{uy �{z~tx}uv Ô~� t}�tzu~t}� �{zy{u�{� �~u~tz �~u�tvt~� � t~� uw~ z� �x�{� {}~ Ñ

r v~�x��� ~�{y{ u��{uy� ~x �{ u �vt��~ �{}�t~t� t~�

C
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ÚÛÜÝÞß L á % Ûæ�4 ÛèÜ ��� ßèæ �ßÞÛMçæ ÛMß ÞßåÝêæå

~x u}�v{�xw�u~~uz� u~ vx� u}�v{� � x�{yuvv ~�{ �u~uuy{ t}�uytu}~ � t~� u}�v{�xw�u~~uz� u}� u zx}�~u}~
Cmα �uv�{ �u� �{~{y� t}{� � t~� ~�{ 	��x� ��v~t�Ô~ zu�u�tvt~� wxy {uz� z� �x�t~tx} �}x~{� t} �t��y{
�� Ñ rzyx�� ~�{ ��{{� yu}�{ ~{�~{� � ~�{ �t~z�t}� �x�� {}~ �vx� {� �{y{ t}�uytu}~ � t~� � uz� }���{y u��{vv Ñ ��{ Cmα �uv�{� uy{ t} zvx�{ u�y{{� {}~ � t~�~�{ ��� u{yx��}u� tz �u~u�u�{ u}� x~�{y �u~u wxy
70◦���{y{�zx}{� Ñ ��{ }xy�uv wxyz{ �{yt�u~t�{ � t~�u}�v{�xw�u~~uz� (CNα

) �u� uv�x �{~{y� t}{� ~x � {zx}�~u}~ u}� t}�uytu}~ � t~� z� �x�t~tx} u}� � uz�}���{y Ñ �xy �v�}~ �x�t{� vt�{ ��� � CN t� �� t~{��uvv zx��uy{� ~x ~�{ us tuv wxyz{ zx{| zt{}~ u}�~�{y{wxy{ }x~ u �t�}tÔ zu}~ t}Ò�{}z{ x} ~�{ �u~u y{���z~tx} Ñ � t~~t}� ~�{ }xy� uv wxyz{ ~�yx��� �{�{yuv��v~t�v{ Ô~� �t{v�{� u zx}�~u}~ CNαxw Ð ÑÎÐ Ñ ��t� �uv�{ �u� ��{� wxy uvv ��}u� tz u{yx��}u� tz �u~u y{��z~tx} Ñ
� ü N þol� ) ni O þkP
�t��y{� �u�w ��x� ~�{ �t~z� �u��t}� y{��v~� wyx� uvv xw ~�{ ��x~� �Cmq

+ Cmα̇
= (∂/∂ qD

2V
+ ∂/∂ α̇D

2V
)Cm � Ñ� t��y{� �u � z u}� { ��x� ~�{ vt}{uy �{z~tx}uv Ô~� wxy ����{~� xw �u~u �yx��{� �� z� vx zu~tx} Ñ ��{ �{z~tx}uvÔ~� � u� ~�{ �{}{yuv z�uyuz~{yt�~tz� xw ~�{ zu���v{ 8� ��}u� tz �~u� tvt~� u}� �{v� �{~ ~�{ wxy� w�}z~tx}� ��{� t}~�{ 	��x� u}uv��t� ÑÑ ��{ ��}u� tz t} �~u�tvt~� xw ~�{ zu���v{ u~ vx� u}�v{��xw�u~~uz� t� zv{uyv� �{{} ��x�t~t�{

Cmq
+ Cmα̇ � Ñ ��{ �{z~tx}uv Ô~� wxy {uz� z{}~{y�xw��yu�t~� �x�{v uv�x ��x� u zv{uy � uz� �{}�t~t� t~�Ñ ð t���uz� ��x~� uy{ �xy{ ��}u� tzuvv� �~u�v{ u}� ~�{ zu���v{ � {zx� {� v{�� ��}u� tzuvv� �~u�v{ u� t~ �{z{v{yu~{� Ñ�x��uyt}� �t��y{� �u � z u}� { � z{}~{y�xw��yu�t~� �uytu~tx} t� � xy{ �t| z�v~ ~x �{~{z~ �� t}��{z~tx} t} ~�{vt}{uy Ô~ �zu~~{y Ñ

� t��y{� �� � � u}� w ��x� ~�{ y{��v~� xw ~�{ ��v~t�Ô~ 	��x� u}uv��t� wxy {uz� xw ~�{ ~�y{{ z� �x�t~tx}� ~{�~{� Ñ��{ �{wu�v~ u{yx��}u� tz �x�{v� t} r���r� �x }x~ �u�{ ~�{ � uvv{u� tvt~� ~x zu�~�y{ ~�{ }x}vt}{uyt~� ��x�}
Q ¡¹ ¼½
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Cmq

+ Cmα̇
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t} ~�{�{ Ô��y{� Ñ ��{y{wxy{ � u �vt�t}� wxy� Ô~ x�~tx} t} r���r� �u� ��{� ~x {s~yuz~ ~�{ �t~z� �u��t}� x�{y��uvv{y u}�v{�xw�u~~uz� yu}�{� Ñ ��{�{ wxy� Ô~� �{y{ ~�{} �t{z{� ~x�{~�{y ~x x�~ut} ~�{ z�y�{� ��x�} Ñ ��{�{z�y�{� y{�y{�{}~ ~�{ Ô}uv y{��v~� xw ~�{ �uyu�{~{y t�{}~tÔzu~tx} u}� ��x� �t�~t}z~ ~y{}�� t} ~�{ ��}u� tz�~u� tvt~� � t~� � uz� }���{y u}� z� vx zu~tx} Ñ r~ ~�{ �t��{y �� {{�� � ~�{ zu���v{ � {zx� {� ��}u� tzuvv� �~u�v{u~ �t��{y u}�v{��xw�u~~uz� Ñ ��z� �t~z� �u��t}� z�uyuz~{yt�~tz� t}�tzu~{� vt� t~ z�zv{ � {�u�txyÕí wxy {uz� z��x�t~tx} u~ ~�{ �t��{y � uz� }���{y� Ñ r~ � uz� Ö � Ñ# � ~�{ �uyu�{~{y t�{}~tÔzu~tx} y{��v~� t}�tzu~{ ~�u~ ~�{�{�tzv{ t� ��}u� tzuvv� �}�~u�v{ �xy }{�~yuvv� �~u�v{� {�{} u~ �t�� u}�v{��xw�u~~uz� Ñ
��{ �}z{y~ut}~t{� �vuz{� x} ~�{ �t~z� �u��t}� wxy ~�{ ��� u{yx��}u� tz �u~u�u�{ �{y{ �{y� zx}�{y�u~t�{~x uzzx�}~ wxy ~{�~t}� �}z{y~ut}~t{� u� �{vv u� �}z{y~ut}~t{� t} ��t}� �yx�}���u�{� �u~u ~x �y{�tz~ w�vv��zuv{Ò t��~ z�uyuz~{yt�~tz� u~ � uy� Ñ ��{ Í�σ �uv�{� uy{ (�ÐÐ� � �#Ð� u�x�~ ~�{ }x� t}uv �u~u ~x uzzx�}~ wxy�}z{y~ut}~t{� t} {s~yuz~t}� ~�{ }x}vt}{uy z�uyuz~{y xw ~�{ z�y�{� Ñ r} u��{y xw Ð ÑÐ ~x Ð Ñ�Ð �u� uv�x u��{� t}~�{ �{�~u�tvt� t}� �ty{z~tx} ~x uzzx�}~ wxy �}z{y~ut}~t{� t} �{~{y� t}t}� ~�{ � uz� �{}�t~t� t~�Ñ
 ü � hoþhk  �nqnlojqþÿoþlÿ
��{ r���r� �uyu� {~{y t�{}~tÔzu~tx} Ô~� 	��x� ~yuÓ {z~xyt{� ~�yx��� �u~u �xt}~� {s~yuz~{� wyx� ~�{ �uvvt�~tzyu}�{ ��u�x��yu��� Ñ ��{ Ô}uv u{yx��}u� tz y{��v~� � �~u~tz u}� ��}u� tz u{yx��}u� tz� � �yx��z{ {sz{vv{}~y{zx}�~y�z~tx}� xw ~�{ {s�{yt� {}~uv �u~u Ñ r} {su��v{ xw ~�t� t� ��x�} t} �t��y{ Ï Ñ r v�x � ~�{ �x~tx} xw ~�{�{~yuÓ {z~xyt{� �{�~ tvv��~yu~{� ~�{ Ò t��~ z�uyuz~{yt�~tz� xw ~�{ zu���v{ t} {uz� ��x~ u}� �{v� � ~x �{�x}�~yu~{ ~�{~y{}�� {s~yuz~{� wyx� ~�{ w�vv ~{�~ � u~yts Ñ ��{ �uz� u}� z{}~{y�xw��yu�t~� �{}�t~t� t~t{� xw ~�{ zu��� v{ uy{��x�} t} �t��y{� 
u u}� � Ñ
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�ty�~ � ~�{ u}��vuy �x~tx} t} {uz� xw ~�{�{ ��x~� ��x� u} u~~t~��{ �yx�~� zx}�t�~{}~ � t~� ��}u� tz t} �~u�tvt~����tv{ ~�{ wy{��{}z� xw x�ztvvu~tx} t� zx}�t�~{}~ � t~� �~u~tz �~u�tvt~�Ñ ��{ z�y�{� ��x� ~�{ ~x~uv u}�v{�xw�u~~uz� xw ~�{ zu���v{ wxy �{�{yuv ��x~� Ñ ��{ �uz� �{}�t~t� t~� �vx~ �� t��y{ 
u� ��x� � Í ��x~� ~�u~ {uz� �~uy~u~ yx���v� ~�{ �u� { u~~t~��{ � ��~ �u�{ �tØ{y{}~ t}t~tuv �{vx zt~t{� Ñ ��{ ��}u� tz t} �~u�tvt~� xw ~�{ zu���v{�xy�{}� � t~� �vx�{y t} t~tuv �{vx zt~� u� αT t}zy{u�{� ��z� �xy{ yu� t�v� wxy ~�{ �vx�{y ��x~� u}� ~�{ r���r�
�u~u y{��z~tx} �u� ��x�} ~�u~ Ñ �}~{y�y{~t}� ~�{ z{}~{y�xw��yu�t~� �vx~ t� �xy{ ���~v{ u}� �t��y{ 
� �{y�{��xy{ ~x tvv��~yu~{ ~�{ zx��v{s t~� xw {s~yuz~t}� ~�{ �{}�t~t�t~� ~�u} ~x ��x� u ~y{}� Ñ �uz� xw ~�{ ��x~� t}�t��y{ 
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�{�{yuv ��x~� �{y{ � {y~�y� {� �ytxy ~x {}~{yt}� ~�{ t}�~y��{}~{� yu}�{ Ñ ��x~x�yu��tz �u�{y �u� �vuz{� t}~�{ �u~� xw ~�{ �x�{v� ��tz� t}��z{� x�ztvvu~tx}� Ñ �t��y{ �Ð ��x� � ~�x {su��v{� xw ��z� zu�{� Ñ � t��y{
�Ðu ��x� � u �t�� �� {{� �Mi = 3.9� ��x~ xw ~�{ xcg/D = 0.33 �x�{v ��tz� �u� t}t~tuvv� �{y~�y�{� �� ~x u}u~~t~��{ �y{u~{y ~�u} 30◦ Ñ r~ ��z� �t�� u}�v{� � ~�{ zu���v{ t� ��}u� tzuvv� �~u�v{ u}� t� �{{} ~x �{zy{u�{ t}u��vt~��{ �x�} ~�{ yu}�{ Ñ � t��y{ �Ð� ��x� � u �vt��~v� �vx�{y zu�{ �Mi = 3.7� ~�u~ �u� � {y~�y� {� ~x u v{���{�{y{ t}t~tuv u~~t~��{ xw u��yxs t� u~{v� 15◦ Ñ ��t� ��x~ ��x� � vt� t~ z�zv{ �{�u�txy u~ ~�t� u~~t~��{ wxy ~�{Ôy�~ �uvw xw ~�{ Ò t��~ Ñ r � ~�{ zu���v{ �{z{v{yu~{� �x�{�{y � ~�{ ��}u� tz t} �~u�tvt~� � {zx� {� �xy�{ u}� ~�{x�ztvvu~tx} u��vt~��{ t}zy{u�{� Ñ ��{ �{v{z~ zu�{� �y{�{}~{� �{y{ uy{ ~�{ �x�~ zx��uyu�v{ xw ~�{ ~{�~ �{yt{�u}� �t�� vt��~ ~�{ �{� w{u~�y{� {s~yuz~{� wyx� ~�{ w�vv �{~ xw �u~u Ñ
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��{ �t~z� �u��t}� �u~u �{yt�{� wyx� ~�{ �uvvt�~tz yu}�{ ~{�~t}� �u� t}zxy�xyu~{� t}~x u y{zx}�~y�z~tx} �t� ��vu~tx} xw ~�{ � uy� �u~�Ô}�{y {}~y�Ñ ��{ � {~�x�� xw ~�t� y{zx}�~y�z~tx} �u�{ �{{} �{vv �x z�� {}~{� ����{}z{y {~ uv ÑÕò u}� \}xØx {~ uv ÑÕ� �uy~ xw ~�u~ y{zx}�~y�z~tx} {Øxy~ �u� ~�{ �t��vu~tx} xw ~�{ zu���v{u~~t~��{ �yx�~� ��t}� ~�{ �yx�yu� ~x Ë�~t� t�{ �t��vu~{� �yuÓ {z~xyt{� ��Ë��� �� ÑÕ+ r �t� tvuy �Ë�� �t���vu~tx} t� �y{�{}~{� �{y{ ��t}� ~�{ }{� �uvvt�~tz yu}�{ �u~u Ñ ��{ x}v� �t�}tÔzu}~ �tØ{y{}z{ �{~�{{} ~�{ ���
y{zx}�~y�z~tx} �t��vu~tx} u}� ~�{ y{��v~� �y{�{}~{� �{y{ t� ~�{ y{�vuz{� {}~ xw ~�{ � t�t}� wxyz{� x�ztvvu~tx}�u~u � t~� ~�{ xcg/D = 0.27 �t~z� �u��t}� �uv�{� wyx� ~�t� ~{�~ �{yt{� Ñ �t��y{ �� ��x� � zx��uyt�x} xw ~�{��� �uvvt�~tz yu}�{ �u~u � t~� � t�t}� wxyz{� x�ztvvu~tx} �u~u ÑÕ ��t� Ô��y{ ��x� � ~�u~ ~�{ �uvvt�~tz yu}�{�u~u �� {ztÔz ~x ~�{ ������� ��u�{ t� �xy{ ��}u� tzuvv� �}�~u�v{ ~�u} ~�{ � t�t}� �u~u Ñ �{�{yuv ��uvtÔ{y����~ �{ }x~{� wxy ~�t� zx��uyt�x} Ñ ��{ � t�t}� �u~u �u� � {u��y{� u~ xcg/D = 0.21 u}� ��x�v� ~�{y{wxy{� { �x�{��u~ �xy{ ��}u� tzuvv� �~u�v{ ~�u} ~�{ ��� �u~u Ñ Ùu�{� x} ~�{ z� �{}�t~t� t~� �~��� �{ywxy� {� t}~� t� ~{�~ �yx�yu� � t~ t� �}vt�{v� ~�u~ ~�{ z{}~{y�xw��yu�t~� �x�t~tx} uzzx�}~� wxy uvv xw ~�{ �tØ{y{}z{� Ñ r � }x�yx�{y zx��uyt�x} xw ~{�~ � {~�x�� �u� �{{} �x}{ � �uy~ xw ~�{ �tØ{y{}z{� x��{y�{� t} �t��y{ �� �u� �{ ��{~x ~{�~ �{~�x� yu~�{y ~�u} �{� tzv{ x�~{y �xv� vt}{ Ñ
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� t��y{ �Î ��x� � ~�{ y{zx}�~y�z~{� ~x~uv u}�v{�xw�u~~uz� �{y�� � ~t� { wxy ~�{ �Ë�� y{zx}�~y�z~{� ~yuÓ {z~xy�uvx}� � t~� ~�{ ~x~uv u}�v{�xw�u~~uz� u� �{~{y� t}{� �� ��� Òt��~ �u~u Ñ ��{ �t��vu~tx} ��x� � �{y� �xx�u�y{{� {}~ � t~� ~�{ Ô}uv u~~t~��{ xw ~�{ �{�tzv{ u~ �uyuz��~{ �{�vx�� � {~~{y ~�u} �y{�tx�� {Øxy~� ÑÕò î Õ� ��{z�uyuz~{y xw ~�{ �yx�~� t� uv�x �{vv zu�~�y{� Ñ ��{ x}�{~ xw ~�{ ��}u� tz t}�~u�tvt~� u}� ~�{ � u}}{y t}��tz� ~�{ ~x~uv u}�v{�xw�u~~uz� t}zy{u�{� � t~� ~t� { t} ~�{ vu�~ ÍÐ �{zx}�� �u� �{{} ��zz{��w�vv� y{zy{u~{� Ñ��{ u�y{{� {}~ � {~�{{} ~�{ Ò t��~ �u~u u}� y{zx}�~y�z~{� �t��vu~tx} ����{�~� ~�u~ ~�{ �uvvt�~tz yu}�{ �u~uuzz�yu~{v� �{�zyt�{� ~�{ �t~z� �u��t}� xw ~�{ ��� zu��� v{ u}� ~�{y{wxy{ ��� Ñ ��t� zvx�{ u�y{{� {}~ w�y~�{y����{�~� ~�u~ ~�{ Cmq�}z{y~ut}~t{� ��{� t} ~�{ ��� �u~u�u�{ uy{ ��| zt{}~v� zx}�{y�u~t�{ Ñ � �t}� ~�{ �t��u}� vx� �}z{y~ut}~� �x�}�� x} ~�{ �t~z� �u��t}� zx{| zt{}~ wutv� ~x y{�yx��z{ ~�{ ��� ~yuÓ {z~xy�Ñ

Bounded static instabilities

Reconstructed Data

POST 6-DOF Simulation

Dynamic instability
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��t� ~{�~ �yx�yu� �u� �yx�t�{� ~�{ �x�~ {s~{}�t�{ �{~ xw �uvvt�~tz yu}�{ ��x~� wxy ~�{ �{~{y� t}u~tx} xw�t~z� �u��t}� wxy u 70◦���{y{�zx}{ Ñ ��{ �{}�t~t� t~� xw ~�u~ �u��t}� ~x � uz� }���{y u}� z{}~{y�xw��yu�t~��x�t~tx} �u�{ �{{} �{~{y� t}{� Ñ ��{ �t~z� �u��t}� �u� �{~{y� t}{� wyx� �uz� Ö � Ñ# �� ~x �uz� Ö Í Ñ#wxy u yu}�{ xw x�ztvvu~tx} u��vt~��{� wyx� 0◦ ~x �{vv x�{y 25◦ Ñ ��{ zu���v{ t� ��}u� tzuvv� �}�~u�v{ u~ vx�u}�v{��xw�u~~uz� wxy uvv � uz� }���{y� ~{�~{� u}� ~�{ ��}u� tz t}�~u�tvt~� �xy�{}� � t~� �{zy{u�t}� � uz�}���{y u}� uw~ z{}~{y�xw��yu�t~� �x�{� {}~ Ñ ��{ Ô}uv u{yx��}u� tz� y{zy{u~{� ~�{ �uvvt�~tz yu}�{ �u~u �xt}~��{y� �{vv Ñ
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